Introduction {#sec1_1}
============

Anemia is a common complication of advanced chronic kidney disease. Decreased production of erythropoietin (EPO) is the primary cause of renal anemia. Erythropoiesis-stimulating agents (ESAs) were first approved by the US Food and Drug Administration in June 1989 to treat renal anemia. In Japan, clinical application started in 1990. ESA use in patients with renal anemia undergoing hemodialysis (HD) demonstrated a reduced requirement for blood transfusions and improved quality of life \[[@B1],[@B2]\]. Anemia has been associated with increased mortality rate and cardiovascular events in both dialyzed and nondialyzed patients with chronic kidney disease \[[@B3],[@B4]\]. Several studies have reported that 90-95% of dialysis patients responded to EPO in a dose-dependent manner, whereas the remaining 5-10% of patients had low or absent response \[[@B5],[@B6],[@B7]\]. The National Kidney Foundation Kidney Disease Outcomes Quality Initiative (NKF KDOQI) defined hyporesponsiveness to EPO as the presence of at least one of the following conditions: (1) a significant decrease in hemoglobin level at a constant EPO dose, (2) a significant increase in the EPO dose required to preserve a certain hemoglobin level, or (3) a failure to raise the hemoglobin level to \>11 g/dl despite an EPO dose equivalent to EPO \>500 IU/kg/week \[[@B8]\].

Among patients undergoing HD, the various factors related to EPO hyporesponsiveness include inflammation status, nutrition status and dialysis adequacy \[[@B9],[@B10],[@B11],[@B12],[@B13]\]. Regarding the management of renal anemia in peritoneal dialysis, we suppose that the amount of EPO required increases as residual renal function declines. Little is known regarding EPO hyporesponsiveness in patients on long-term peritoneal dialysis. The EPO resistance index (ERI) is a helpful parameter in assessing the body\'s response to EPO. We used ERI as the indicator of EPO hyporesponsiveness and examined the associations between ERI and physiological, chemical and nutritional clinical parameters by correlation and multiple linear regression analyses. The aim of this study was to investigate factors contributing to EPO hyporesponsiveness in patients on long-term peritoneal dialysis.

Subjects and Methods {#sec1_2}
====================

This cross-sectional study comprised 14 patients, all on peritoneal dialysis for \>5 years. We excluded patients with a history of inpatient treatment, infection, bleeding or transfusion within the last month. In accordance with the Japan Society for Dialysis Therapy guidelines, hemoglobin level was controlled between 11.0 and 13.0 g/dl. We applied the weekly EPO dose as the average value during the last 4 weeks. We obtained blood samples from our outpatient department and measured the samples in our hospital\'s laboratory. ERI was defined as the weekly dose of EPO per body weight divided by hemoglobin (U/kg/g/dl/week) = weekly EPO dose/(weight × Hb).

In this study, the ESAs used were darbepoetin alfa and epoetin beta pegol. To standardize EPO dose, we standardized the dose of darbepoetin alfa and epoetin beta pegol to epoetin using a conversion factor of 1:200.

To predict EPO responsiveness, we measured the following parameters in the following categories: (1) inflammatory markers, such as serum C-reactive protein (CRP) levels, (2) indicators of nutrition status, such as serum albumin levels and normalized protein catabolic rate (nPCR), (3) measures of dialysis adequacy, such as total weekly Kt/V, (4) indicators of fluid volume status, such as extracellular water/total body water (ECW/TBW), (5) markers of chronic kidney disease-related mineral bone disorder, such as serum calcium, serum phosphorus and intact parathyroid hormone (PTH) levels, and (6) arteriosclerosis markers, such as ankle brachial pressure index and brachial-ankle pulse wave velocity.

Total weekly Kt/V and nPCR were calculated by the values of blood urea nitrogen and serum creatinine measured from the collected urine and peritoneal dialysate over 24 h. Total weekly Kt/V was used to evaluate dialysis adequacy.

Bioelectrical impedance analysis was used to assess the patients\' body composition and fluid status. They were calculated using InBody720 (Biospace Co., Ltd., Seoul, Korea). Measurements were taken with the peritoneum empty.

Results are expressed as mean ± SD. The relationships between ERI and clinical parameters, such as physiological, chemical and nutrition status, were assessed using linear regression with Pearson\'s correlation coefficients. Multiple regression analysis was performed to determine independent predictors for ERI. The variables were studied with stepwise multiple regression analysis using the F statistic with p = 0.05 as a criterion for significance. Statistical analyses were performed with the statistical software JMP9 (SAS Institute, Cary, N.C., USA). p \< 0.05 with two tails was considered statistically significant.

Results {#sec1_3}
=======

The study population comprised 14 long-term peritoneal dialysis patients (7 males and 7 females, age 65.0 ± 11.9 years). Duration of dialysis was 95 ± 23 months. The cause of end-stage renal disease was chronic glomerulonephritis in 10 patients, diabetic nephropathy in 2, hypertensive nephrosclerosis in 1 and polycystic kidney disease in 1. Table [1](#T1){ref-type="table"} shows the patient characteristics.

The mean hemoglobin value was 11.5 ± 1.2 g/dl. All patients received treatment with ESAs. ERI was 8.23 ± 7.25 U/kg/g/dl/week. The patients\' laboratory parameters are provided in table [2](#T2){ref-type="table"}.

Pearson\'s correlation analysis revealed that ERI had a statistically significant correlation with age (R^2^ = 0.4110, p \< 0.05), ECW/TBW (R^2^ = 0.5526, p \< 0.05) and creatinine level (R^2^ = 0.3250, p \< 0.05). Figure [1](#F1){ref-type="fig"} shows the relationships between ERI and age, ECW/TBW and creatinine level. CRP, serum albumin, intact PTH and nPCR levels were not significantly correlated with ERI.

In a multiple regression analysis, ECW/TBW was independently associated with ERI by the least squares method (p = 0.0265; table [3](#T3){ref-type="table"}).

Discussion {#sec1_4}
==========

In 14 patients on long-term peritoneal dialysis, fluid overload was an independent predictor of hyporesponsiveness to EPO. This contradicts previous studies reporting that CRP was the most important predictor of EPO hyporesponsiveness in peritoneal dialysis patients \[[@B14],[@B15]\].

Chronic inflammation causes iron utilization disorders. Several inflammation cytokines, such as IL-6 and TNF-α, inhibit initial maturation of erythroid precursors \[[@B16]\]. Serum concentrations of high-sensitivity CRP, IL-6 and TNF-α positively correlate with the required epoetin dose and ERI \[[@B17]\]. Bárány et al. \[[@B18]\] observed that patients with a serum CRP level ≥2 mg/dl required 80% more epoetin than patients with lower CRP levels. In the present study, CRP was not significantly correlated with ERI. Selection bias must be considered because we excluded patients with a history of infection in the month prior to the study.

Malnutrition is related to inflammation and arteriosclerosis, and through common mediators, such as TNF-α and IL-6, it may play a relevant role in EPO resistance \[[@B19]\]. The malnutrition-inflammation complex results in incrementally poor responsiveness to EPO \[[@B13]\]. In this study, despite limited protein intake (nPCR 0.79 ± 0.20 g/kg/day), the subjects ingested enough calories (1,505 ± 214 kcal/day) and maintained adequate nutrition status (albumin 3.3 ± 0.4 g/dl). Our finding implies that in stable patients, CRP may not be such an important predictor of EPO hyporesponsiveness.

Hyperparathyroidism is a parameter predictive of EPO hyporesponsiveness \[[@B15],[@B20]\]. In the present study, no association was found between intact PTH and ERI. Several studies have reported that uremic patients with severe renal anemia significantly improved after parathyroidectomy \[[@B21],[@B22],[@B23],[@B24]\]. Furthermore, Battistella et al. \[[@B25]\] found that improved PTH control by cinacalcet was associated with a reduction in darbepoetin requirement in patients with end-stage renal disease. In contrast, other studies found no relationship between hyperparathyroidism and ERI \[[@B6],[@B26]\]. Excess secretion of PTH leads to bone marrow fibrosis and consequent interference with erythropoiesis \[[@B27]\]. Altogether, PTH does not directly inhibit human erythropoiesis; instead, bone marrow fibrosis and the uremic environment result in EPO hyporesponsiveness.

We frequently encounter high PTH levels in long-term peritoneal dialysis patients. In our study, the levels of PTH were lower than those in previous studies. We controlled inorganic phosphate, calcium and intact PTH levels over a long period of time using vitamin D pulse therapy and cinacalcet for secondary hyperparathyroidism. In addition, we ensured proper dialysis regimens for patients (renal Kt/V = 0.32 ± 0.31, peritoneal Kt/V = 1.70 ± 0.31); therefore, our patients displayed less uremia.

The response to EPO is influenced by body composition. Fat tissue favors the body\'s response to EPO \[[@B28],[@B29]\].

The relationship between volume overload and EPO hyporesponsiveness is unclear. Although data demonstrate an association between ECW/TBW and ERI, they cannot offer a causal explanation for it. Volume overload is a common characteristic associated with renal progression in chronic kidney disease. It is an independent predictor of all-cause and cardiovascular mortality in patients undergoing HD as well as patients with other chronic kidney diseases \[[@B30],[@B31]\]. The abnormal fluid status increases cardiac volume overload, contributing to increased blood pressure and left ventricular hypertrophy. Hypertension is strongly correlated with the exacerbation of renal diseases, cardiovascular comorbidity, and prognosis \[[@B32],[@B33]\].

In a landmark study, the Trial to Reduce Cardiovascular Events with Aranesp Therapy (TREAT) study examined the use of EPO therapy to treat renal anemia in patients with chronic kidney disease and found no benefit compared with placebo \[[@B34]\]. Mortality rate and cardiovascular events did not differ between the control and therapeutic groups. However, fatal or nonfatal stroke occurred in 101 patients assigned to darbepoetin alfa and 53 patients assigned to placebo (hazard ratio 1.92; 95% confidence interval 1.38-2.68; p \< 0.001). There was no significant difference in systolic blood pressure between the two groups; the median systolic blood pressure was 134 mm Hg (interquartile range 126-143) in both groups. Increased systolic blood pressure did not explain the higher incidence of stroke that was likely related to EPO. However, this study did not evaluate fluid status, and it is possible that volume overload contributed to increased stroke incidence. With more strictly controlled blood pressure, the statistical data might have been different. Where there is body fluid overload, the hemoglobin level is reduced by dilution. EPO requirements may increase because of an 'apparent anemia', and the ensuing volume overload may exacerbate blood pressure.

Although peritoneal dialysis is believed to provide better volume control than HD because of its continuous ultrafiltration, volume overload is common in peritoneal dialysis patients. Plum et al. \[[@B35]\] found a higher ECW/TBW ratio in peritoneal dialysis patients compared with HD patients. In our hospital, there are 28 patients (10 males and 18 females, age 67.6 ± 9.6 years) who have been on HD for \>10 years (HD duration 154 ± 44 months). Post-HD ECW/TBW ratios were 0.394 ± 0.011. There was no difference in ECW/TBW between peritoneal dialysis and HD patients in our hospital. In the present study, blood pressure was kept low (123 ± 14/72 ± 8 mm Hg) through the maintenance of appropriate volume status. Therefore, we suggest that appropriate fluid regulation can decrease EPO hyporesponsiveness while managing systolic blood pressure.

In 2013 there were 9,245 peritoneal dialysis patients in Japan, 1,794 of whom had been on peritoneal dialysis for \>4 years \[[@B36]\]. Many facilities avoid peritoneal dialysis for \>5 years because of the risk of developing encapsulating peritoneal sclerosis. As more facilities increase the duration of peritoneal dialysis, more careful studies are required to define guidelines for long-term care of peritoneal dialysis patients. Our study can help elaborate one way to decrease the use of expensive ESAs.

Several limitations should be noted in the interpretation of the study results. First, the ERI data were obtained at a single time point. Since ERI is calculated from several EPO dose, weight and hemoglobin levels, the latter two of which can quite rapidly change, prospective observational studies of peritoneal dialysis patients are required to confirm the relationship. Second, this is a cross-sectional study with a small sample size. We need to confirm the results in a large cohort.

In conclusion, our study shows that fluid overload is an independent predictor of hyporesponsiveness to EPO. Appropriate maintenance of body fluid volume could contribute to lower EPO doses. Prospective randomized controlled trials are needed to evaluate whether strict volume control may improve the mortality rate of peritoneal dialysis.
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###### 

Characteristics of the patients on long-term continuous ambulatory peritoneal dialysis

  Total number of patients                                14
  ------------------------------------------------------- ---------------
  Age, years                                              65.0 ± 11.9
  Female gender                                           7 (50.0%)
  Duration of dialysis, months                            95 ± 23
  Cause of kidney disease                                 
   Chronic glomerulonephritis                             10 (71.4%)
   Diabetic nephropathy                                   2 (14.3%)
   Hypertensive nephrosclerosis                           1 (7.1%)
   Polycystic kidney disease                              1 (7.1%)
  Permeability of the peritoneal membrane                 
   High average                                           2 (14.3%)
   Low average                                            9 (64.2%)
   Low                                                    3 (21.4%)
  Renal Kt/V                                              0.32 ± 0.31
  Peritoneal Kt/V                                         1.70 ± 0.31
  Ultrafiltration volume of peritoneal dialysis, ml/day   834 ± 317
  Body mass index, kg/m^2^                                23.8 ± 2.3
  Body fat percentage, %                                  25.0 ± 7.0
  ECW/TBW                                                 0.397 ± 0.015
  nPCR                                                    0.79 ± 0.20

###### 

Clinical, physiological and chemical features of the patients on long-term continuous ambulatory peritoneal dialysis

  -------------------------------------------- -------------
  Hemoglobin, g/dl                             11.5 ± 1.2
  Hematocrit, %                                35 ± 4
  Creatinine, mg/dl                            11.0 ± 3.9
  Blood urea nitrogen, mg/dl                   48.4 ± 15.7
  Ferritin, ng/ml                              81.6 ± 57.5
  Transferrin saturation, %                    24.2 ± 8.6
  Serum albumin, g/dl                          3.3 ± 0.4
  Serum phosphorus, mg/dl                      4.8 ± 0.9
  Serum calcium, mg/dl                         10.0 ± 0.5
  Triglyceride, mg/dl                          217 ± 252
  Low-density lipoprotein cholesterol, mg/dl   69 ± 17
  Intact PTH, pg/ml                            86 ± 103
  CRP, mg/dl                                   0.29 ± 0.51
  ESAs                                         
   Darbepoetin                                 9 (64.3%)
   Epoetin beta pegol                          5 (35.7%)
  ERI                                          8.23 ± 7.25
  Systolic blood pressure, mm Hg               123 ± 14
  Diastolic blood pressure, mm Hg              72 ± 8
  Ankle brachial pressure index                1.10 ± 0.06
  Brachial-ankle pulse wave velocity, cm/s     1,707 ± 741
  Left ventricular ejection fraction, %        63 ± 5
  Left ventricular mass index, g/m^2^          105 ± 26
  E/e\'                                        11.9 ± 4.0
  -------------------------------------------- -------------

E = Early transmitral flow velocity; e' = early diastolic mitral annular velocity.

###### 

Multiple regression analysis for ERI

               Assessed value   Standard error   t value   p value
  ------------ ---------------- ---------------- --------- ---------
  Age          0.1337292        0.157699         0.85      0.4184
  ECW/TBW      313.11941        118.2293         2.65      0.0265
  Creatinine   0.2219628        0.515584         0.43      0.677
